or by inhibiting the expression of key antiapoptotic proteins (e.g., Bcl-2 and Bcl-X L ) (16) .
The extrinsic apoptosis pathway
Extrinsic apoptosis signals are initiated through the activation of specialized proapoptotic membrane receptors (a subgroup of the TNF receptor superfamily) by ligands such as FasL (also known as CD95L) (receptor Fas [or CD95]) and Apo2 ligand/TNF-related apoptosis-inducing ligand (Apo2L/TRAIL) (receptors DR4 and DR5) (9, 17, 18) . Once activated, these receptors recruit the adapter molecule Fas-associated death domain, the binding of which promotes the recruitment of initiator procaspases 8 and 10. The resulting protein assembly comprises the death-inducing signaling complex (DISC) (Figure 1 ).
Two types of intracellular signaling have been established for the extrinsic apoptosis pathway, characterized by generation of high (type I) or low (type II) levels of DISC and caspase 8 activity upon receptor stimulation (4, 19, 20) . Caspase 8 stimulation in type I cells is sufficient to activate effector caspases and commit the cell to apoptotic death. In type II cells, further amplification of the signal is needed for apoptosis activation. This occurs through caspase 8-dependent cleavage of the BH3-only protein Bid, which then engages the intrinsic pathway to produce greater effector caspase activity (21, 22) . Type II signaling might be blocked by overex-
Figure 1
Extrinsic and intrinsic apoptosis pathways and caspase modulation (see text for further detail). Therapeutic approaches to proapoptotic receptor activation are illustrated in the green insert. FADD, Fas-associated death domain.
pression of antiapoptotic Bcl-2 proteins such as Bcl-2 and Bcl-X L or - in DNA mismatch repair-deficient tumors - by mutational inactivation of Bax, although this may be limited to cells with low baseline levels of Bak (23, 24) .
Studies of the physiological role of Apo2L/TRAIL suggest that this ligand plays a role in immune surveillance and the regulation of adaptive immune responses via the CD4 + T cell-dependent generation of CD8 + memory T cells (25, 26) . Moreover, it mediates part of the antitumor and antiviral cytotoxicity of dendritic cells, monocytes, NK cells, and T cells (27) . There is also some evidence that some of the antitumor and antiviral effects of IFNs are mediated by Apo2L/TRAIL (28) (29) (30) .
How is apoptosis targeted?
The rationale for targeting apoptosis in the treatment of cancer is based on the observation that this process is deregulated in cancer cells but not normal cells (1, 17, (31) (32) (33) . Cancer cells have acquired blocks to apoptosis but are nevertheless constantly driven to initiate it by genomic and other aberrations. Thus, if proapoptotic pathways could be stimulated, these cells would be more susceptible to death than normal cells.
The promotion of apoptosis is an important component of the antitumor activity of traditional anticancer therapies, including chemotherapeutic drugs and radiotherapy (33, 34) . Conventional anticancer therapies appear to stimulate apoptosis primarily via the intrinsic pathway, and impairment of apoptosis may contribute to the resistance of cancer cells to such therapy (33) (34) (35) . Inactivation of p53 is among the most common mutations, occurring in over half of cancers, and provides a key resistance mechanism that helps cancer cells to avoid apoptosis induction in response to several types of damage caused by conventional therapy (36) (37) (38) .
Because the extrinsic pathway triggers apoptosis independently of p53, therapies that directly activate this mechanism have the potential to induce cell death in cancers with a wide spectrum of responsiveness to conventional therapies (37) . Notwithstanding the issue of drug resistance, conventional anticancer therapies often are limited by systemic toxicities. Thus, there is a need for safer and more effective agents that target cancer cells more selectively and circumvent treatment resistance. The promotion of apoptosis is emerging as a key strategy to treat cancer (13, (39) (40) (41) , and considerable effort has been invested in identifying proapoptotic targets with therapeutic potential.
Several strategies involving the extrinsic and/or intrinsic pathways have emerged as the main focus of research (40, 41) . These include targeted activation of the extrinsic pathway through proapoptotic receptors, inhibition of Bcl-2 family of proteins, caspase modulation, and IAP inhibition.
The extrinsic pathway: proapoptotic receptors as therapeutic targets
The main function of TNF-α is to stimulate proinflammatory gene expression through TNFR1-mediated activation of the transcription factor NF-κB. However, this ligand can stimulate apoptosis under special circumstances through its death domain-containing receptor TNFR1, for example, when NF-κB activation is blocked. TNF-α has shown significant efficacy in the treatment of soft tissue sarcoma of the extremities following isolated limb perfusion (42) , possibly through its effects on endothelial cells within tumor vasculature.
The proapoptotic ligand FasL has potent cytotoxic activity against various types of tumor cells; however, hepatotoxic side effects limit the use of Fas-targeted therapy (43) . In contrast, stimulation of the proapoptotic receptors DR4 and DR5 by optimized soluble recombinant human Apo2L/TRAIL (rhApo2L/TRAIL is being jointly developed by Genentech and Amgen) or by DR4- or DR5-selective mAbs may represent a more appropriate approach, delivering potent antitumor activity but minimal cytotoxicity in normal cells (44) (45) (46) (47) . Although expression of DR4 and DR5 is detectable in several tissues, there is evidence suggesting that it is generally lower in normal healthy cells than in cancer cells (48) .
Furthermore, some tumor cells that are resistant to apoptosis induction by FasL are sensitive to Apo2L/TRAIL, including follicular epithelial thyroid carcinomas (49) , pediatric rhabdomyosarcoma cells (50) , and melanoma cells (51) .
The intriguing capacity of the proapoptotic ligand Apo2L/ TRAIL to trigger apoptosis selectively in cancer cells while sparing normal cells has motivated extensive research efforts. The results of preclinical studies demonstrating the ability of Apo2L/TRAIL to act synergistically with conventional anticancer therapies in a broad range of solid and hematologic malignancies are particularly compelling (44, (52) (53) (54) (55) (56) (57) (58) . This cooperation may be attributed to the supplementary activation of the caspase cascade via both the extrinsic and intrinsic pathways (37, 53, 54) . An additional contributing mechanism may involve the upregulation of DR5 transcription by p53 (59) . Furthermore, Apo2L/TRAIL has been shown in certain models to overcome cancer cell resistance to chemotherapy (60) and to cooperate with chemotherapy even in p53-deficient cells (61) . In accordance with these observations, several proapoptotic receptor agonists (PARAs) are in clinical development (Table 1) . DR4 and DR5 receptor levels do not generally show a direct correlation with sensitivity to apoptosis stimulation (17, 62) . The elucidation of mechanisms underlying resistance and identification of biomarkers that may predict sensitivity are areas of active investigation (63) . Resistance mechanisms that have been documented to date in specific cancer cell lines include regulation of proapoptotic receptor transport to the cell surface (64), Bcl-2-mediated inhibition of a mitochondrial amplification step (65), bax mutation (23) , and bax or bak gene deficiency (66) . The caspase 8-related protein c-FLIP can block caspase 8 activation by DR4 and DR5 (67) and may contribute to resistance in some instances.
Studies are now underway to identify and characterize potential biomarkers for sensitivity to Apo2L/TRAIL, with promising results already emerging. A strong correlation has been found recently between sensitivity to Apo2L/TRAIL and expression of specific O-glycosylation enzymes (68) . A range of human cancer cells has been shown to overexpress such O-glycosyltransferases, and these enzymes may play a role in regulating apoptosis signaling through DR4 and DR5. The O-glycosylation initiating enzyme GALNT14 correlates significantly with Apo2L/TRAIL sensitivity in non-small cell lung cancer (NSCLC), pancreatic cancer, and melanoma cell lines, while initiating enzyme GALNT3 together with the O-glycan processing enzymes FUT3 and FUT6 correlates with sensitivity in colorectal cancer (CRC) cells. DR4 and DR5 possess conserved O-glycosylation sites that appear to promote ligand-induced receptor clustering, DISC assembly, and caspase 8 activation. Hence, specific O-glycosylation enzymes or their modified products may provide predictive biomarkers for responsiveness to PARA therapy.
Another promising approach involves the myc oncogene, which has been identified as a potential marker for Apo2L/TRAIL sensitivity in cancer cells, including those with defective intrinsic pathway signaling (69) . Building on this finding, the potential for combining Apo2L/TRAIL with the kinase inhibitor sorafenib to target cancer cells harboring defective intrinsic apoptotic machinery has recently been demonstrated (70) (71) (72) .
Preclinical findings with Apo2L/TRAIL
The combination of PARAs and numerous conventional and investigational anticancer agents has been tested in diverse preclinical models (44, 54, 55, 57, 58, 61, 70, (Table 2) .
Cytotoxic agents for which a synergistic effect has been reported include irinotecan, camptothecin, 5-fluorouracil, carboplatin, paclitaxel, doxorubicin, and gemcitabine. Potential mechanisms for these synergies and the cell lines or models in which they were observed are summarized in Table 2 .
Encouraging results also have been reported for the addition of various other anticancer agents that appear to sensitize tumor cells to the effects of Apo2L/TRAIL. Combination of the proteasome inhibitor bortezomib with Apo2L/TRAIL in cell lines generated from various solid tumors including those of the colon, breast, or kidney and bladder led to increased apoptosis induction (85) (86) (87) . In a colon cancer model, the small molecule Bcl-2 inhibitor HA14-1 enhanced apoptotic signaling (65) . Apo2L/TRAIL plus a BH3 mimetic Bcl-2 inhibitor induced apoptosis synergistically in human prostate cancer cells through both the extrinsic and intrinsic pathways (88) . Indeed, enhanced activation of caspase 8 and Bid has been observed with both this combination and camptothecin (78, 88) . Furthermore, in Apo2L/TRAIL-resistant breast cancer cell lines, the addition of synthetic triterpenoids restored Apo2L/TRAIL sensitivity in vitro and reduced tumor burden in a xenograft model in vivo (94) .
Hematologic malignancies also are susceptible to Apo2L/ TRAIL-based combination therapy. Histone deacetylase inhibitors upregulated DR5 and synergistically sensitized cells to Apo2L/TRAIL-induced apoptosis in leukemia cell lines (92) , while the anti-CD20 mAb rituximab cooperated with Apo2L/TRAIL to cause tumor regression in non-Hodgkin lymphoma (NHL) xenograft models (93) .
Sensitization of tumor cells sometimes involves the BH3-only proteins Bik and Bim (95) . However, Apo2L/TRAIL and Bim have a role as response modifiers of hepatocyte apoptosis; consequently, there is a need for ongoing investigation of the hepatic effect of triggering the proapoptotic receptors DR4 and DR5, particularly when stimulated in combination with other drugs (96) . It is notable that human hepatocytes are sensitive to nonoptimized preparations of Apo2L/TRAIL but show little or no sensitivity to optimized rhApo2L/TRAIL (47) and other nontagged versions of the protein (97, 98) . Because native Apo2L/TRAIL is a zinc-coordinated protein, one possibility is that insufficient amounts of zinc and/or added exogenous sequence tags in the nonoptimized preparations interfere with the protein's conformation, leading to decreased solubility. This promotes aggregation, which can augment activity toward normal cells by inducing excessive clustering of proapoptotic receptors (47, 97, 98) . In contrast, the optimized, nontagged rhApo2L/TRAIL protein contains near stoichiometric amounts of zinc and forms a stable, soluble trimer that does not display cytotoxicity toward hepatocytes (47) .
An alternative approach to activating the proapoptotic receptors relies on agonistic antibodies (17, 99) . Most recently, preclinical data have been reported for the agonistic mAb Apomab (100). In NSCLC and colon cancer cell lines, exposure to Apomab resulted in clustering of DR5 molecules on the cell surface and the stimulation of DISC formation followed by apoptosis. Apomab exerted antitumor activity as a single agent in xenograft models based on H2122 NSCLC cells, Colo205 colon carcinoma cells, and BxPC3 pancreatic ductal adenocarcinoma cells. Furthermore, Apomab cooperated with camptothecin or gemcitabine, respectively, against colon or pancreatic cancer xenografts. Crystallographic studies revealed that Apomab interacts with a DR5 region that overlaps the Apo2L/TRAIL-binding site, perhaps facilitating its agonistic activity.
Taken together, these preclinical data are encouraging with regard to the potential for effective combinatorial treatment modalities. Although preclinical data from rodent xenograft-based efficacy models and nonhuman primate safety models demonstrate apoptotic activity for these molecules, careful investigation in cancer patients is underway to confirm the therapeutic activity in a clinical setting. Comparative studies both at the preclinical and clinical level will be needed to determine which combinations offer the most effective modalities with the least toxicity.
Clinical development of PARAs
Of the PARAs in development, the DR4-targeting mAb mapatumumab is the subject of the most advanced studies, with phase II results available (Table 3) . Phase I data also exist for the dual (DR4-and DR5-targeting) PARA rhApo2L/TRAIL (101, 102) and DR5-targeting mAbs lexatumumab, Apomab, and AMG-655 (Table 3) .
Phase Ia studies indicate that mapatumumab is well tolerated, and the maximum tolerated dose (MTD) has yet to be ALT, alanine aminotransferase; AST, aspartate aminotransferase; CR, complete response; GGT, γ-glutamyltranspeptidase; gr, grade; MR, minor response; q, every; w, week(s).
reached (103, 104) . In the study of Tolcher and colleagues (103), 2 patients administered 10 mg/kg every 2 weeks had elevated liver function tests, probably related to mapatumumab. Stable disease (SD) has been the best clinical response for mapatumumab in the phase Ia setting (103, 104) . In contrast, phase Ib studies of the agent in combination with either paclitaxel-cisplatin or gemcitabine-cisplatin have yielded partial responses (PRs) in several patients (23% and 28%, respectively) (105, 106) . This has been associated with an increase in adverse events, with neutropenia, fatigue, and thrombocytopenia being the major toxicities reported; there also have been several instances of grade 3 elevated liver enzymes. A mapatumumab single-agent phase II study in NHL has yielded 3 (8%) objective responses (107) . However, phase II single-agent studies in CRC and NSCLC have produced SD as the best response (34% and 29%, respectively) (108, 109). Mapatumumab monotherapy was well tolerated in the phase II setting, with a single drug-related serious adverse event (SAE) (vomiting) reported.
In results similar to those for mapatumumab, several patients have experienced SD with single-agent lexatumumab in a phase Ia study, although no tumor response has been observed to date (110, 111) . In contrast, tumor shrinkage has been observed in a phase Ib study of lexatumumab plus gemcitabine-FOLFIRI or pemetrexeddoxorubicin, with 3 of the 41 patients who took part achieving a PR (112) . Several grade 3 toxicities - including elevated liver enzymes - were attributed to lexatumumab in the phase Ia study; the MTD was defined as 20 mg/kg (110) . SAE data have yet to be published for the combination trial.
Preliminary phase Ia data are available also for DR5-targeting Apomab and AMG-655. Apomab was reported to be safe and well tolerated and yielded 2 (9%) minor responses (in patients with CRC and granulosa cell ovarian cancer) and 52% SDs (113) . A single dose-limiting toxicity (DLT) comprising reversible transaminitis occurred with Apomab (10 mg/kg); an MTD has yet to be reached. AMG-655 achieved 1 (5%) PR (in a patient with NSCLC), and 10 (48%) SDs; a metabolic PR was recorded in a patient with CRC and SD (114) . AMG-655 was well tolerated: no DLTs were reported and an MTD has yet to be determined. rhApo2L/TRAIL has been well tolerated in the phase Ia setting, yielding SD in the majority (53%) of patients and a single (3%) PR in a patient with chondrosarcoma (101). The trial is ongoing, with an MTD yet to be reached. Interim results from a phase Ib study of rhApo2L/TRAIL plus rituximab in patients with low-grade NHL who had previously failed rituximab-containing therapy showed the combination to be well tolerated and active, with 2 (25%) complete responses, 1 (13%) PR, and 5 (63%) SDs achieved (102) . Two SAEs possibly related to rhApo2L/TRAIL included pneumonia together with septic shock and ileus (the patient continued on study); an MTD of rhApo2L/TRAIL in combination with rituximab has yet to be defined.
Finally, early data from a phase Ia study of Ad5-TRAIL gene therapy for organ-confined prostate cancer showed the treatment was well tolerated in 3 patients administered the initial dose level via intraprostatic injection (115) .
The current phase Ia clinical trial data indicate that SD is the best clinical outcome for the majority of patients, with some cases of objective response. These results are encouraging, especially considering that phase I trials are designed primarily to evaluate safety and pharmacokinetics and that patients participating in such trials often have advanced malignant disease that has not been responsive to various other therapies. Moreover, the data with PARAs to date suggest that the most preferred clinical strategy for this novel class of therapies is in combination with other treatment modalities, including nonspecific interventions such as chemotherapy as well as more targeted agents.
These observations support further investigation of the PARAs in combination with other targeted therapies that have recently redefined the standard of care. The study of PARAs combined with VEGF or VEGFR-targeting antiangiogenic agents, EGFR inhibitors, proteasome inhibitors, or anti-CD20 antibodies - among other approaches - is warranted. Furthermore, it will be interesting to conduct combination trials of PARAs with other proapoptotic therapies focused on Bcl-2 proteins and IAPs.
The first randomized phase II trials of PARAs in combination with other targeted therapy have begun. Mapatumumab plus bortezomib is being studied for the second-line treatment of multiple myeloma, while both rhApo2L/TRAIL and Apomab are being tested in combination with rituximab for the treatment of relapsed follicular NHL. Finally, Apomab plus bevacizumab is being evaluated for the first-line treatment of NSCLC.
The low toxicity of the PARAs further argues for their ongoing investigation in combination with current established therapies. However, as the effects of the PARAs in humans continue to be defined, appropriate caution is required when these agents are combined with drugs that may be associated with side effects on normal tissues.
The intrinsic pathway: Bcl-2 family proteins as therapeutic targets
To date, strategies targeting the intrinsic apoptosis pathway have focused on Bcl-2 family proteins (11). Bcl-2 was originally validated as an attractive anticancer target in studies that showed its ability to cooperate with the myc oncogene or with mutant p53 in driving B cell lymphomas in mice (32, 116) . This was further supported by a mouse model of leukemia, in which Bcl-2 elimination resulted in rapid loss of leukemic cells and significantly prolonged survival (117) . The most clinically advanced anti-Bcl-2 therapy, the antisense agent oblimersen, has reached phase III development. Results have been encouraging in patients with chronic lymphocytic leukemia, with improved response and remission rates and prolonged progression-free survival (118) . Positive results also have been observed among patients with advanced, relapsed melanoma, with evidence of prolonged overall survival (119) . However, results in other tumor types, including prostate, myeloma, and acute myeloid leukemia, have been disappointing, perhaps attributable in part to the reliance of this molecule on antisense mechanisms to attenuate Bcl-2 expression. In this regard, Bcl-2 downregulation has not been consistently demonstrated preclinically (120) , and off-target effects have limited the dose level (121) . It is important not to discount the Bcl-2 target based solely on oblimersen's performance.
Several promising small molecule antagonists of Bcl-2 are in early development. The R-(-)-gossypol derivative AT-101, a BH3 mimetic, is in phase I testing, as is ABT-263, a small molecule that binds with subnanomolar affinity to Bcl-2, Bcl-X L , and Bcl-W. Both molecules have demonstrated single-agent activity and an additive effect in combination with cytotoxic agents in preclinical studies (122, 123) . GX-15-070 (obatoclax), which is reported to inhibit all 5 members of the Bcl-2 family, is in phase II clinical trials (124) . Mcl-1 antagonists are in preclinical development.
Targeting intracellular caspase inhibitors
Other strategies involve modulation of cellular caspase inhibitors, such as the IAPs and c-FLIP. Overexpression of IAPs is implicated in the resistance of some cancers to apoptosis; for example, ML-IAP, which is preferentially expressed in human melanomas, inhibits apoptosis induced via the proapoptotic receptors or by chemotherapy (125) . One promising anticancer approach involves the application of small molecules that bind IAPs and prevent their inhibitory interaction with caspases. For instance, polyphenylurea XIAP inhibitors have been shown in vitro to overcome the inhibitory effects of XIAP on effector caspases 3 and 7, inducing apoptosis in a range of solid tumor and leukemia cells with little toxicity to normal cells (126) . These molecules also sensitized tumor cells to apoptosis induced by chemotherapy or by Apo2L/TRAIL. Another approach involves small molecule drugs that mimic the activity of Smac by binding to IAPs and blocking their activity. Notably, Smac mimetics can synergize with Apo2L/TRAIL to induce high levels of caspase activation and apoptosis in human cancer cells (89) (90) (91) . There are also two antisense-based inhibitors of IAPs in phase I/II clinical development following positive results in preclinical human xenograft models: ISIS 23722 (LY2181308), which inhibits the IAP family member survivin, and AEG-35156 (GEM-640), which is under investigation for pancreatic cancer, breast cancer, and NSCLC (127) . A number of compounds that modulate c-FLIP have been described. Natural and synthetic ligands of the PPARγ were shown to reduce levels of c-FLIP selectively by inducing ubiquitination and proteasome-dependent degradation (128) . Furthermore, these agents sensitized epithelial tumor cell lines to apoptosis induction by Apo2L/TRAIL (128) . More recently, Schimmer et al. described two compounds, 5809354 and 5569100, which reduced the expression of c-FLIP and sensitized PPC-1 cells to Apo2L/ TRAIL-induced apoptosis (129) .
Future clinical trial design
The shift away from screening-based discovery of cytotoxic compounds to molecularly targeted therapies such as the PARAs makes trial design more challenging. Some of the newer treatments may cause visible tumor reduction and may be assessable by traditional means; however, many may not.
Indications are that the PARAs are unlikely to cause meaningful toxicity and therefore phase I trial design preferably moves beyond dose selection based on toxicity to the more relevant endpoint of the dose required to maximally inhibit the specific target: the optimal biologic dose. There is a need also to define biomarkers of antitumor activity for all stages of development of targeted therapy. Although PARAs are highly specific for proapoptotic receptors, experimental data suggest that the degree of receptor expression may not relate to antitumor activity (17, 62) . Other biologic determinants of sensitivity to apoptosis stimulation via the extrinsic and intrinsic pathways - such as specific O-glycosylation enzyme levels, p53 status, myc amplification, or relative Bcl-2 family protein expression - may need to be explored.
The ultimate goal is the identification of the best biomarkers to aid the selection of patients most likely to benefit from PARA therapy and its combination with other treatments, their validation, and eventual integration into clinical practice.
Conclusion
Research efforts over the past decade have significantly added to our knowledge of the multiple mechanisms and factors that control oncogenesis, regulate apoptosis, and contribute to treatment resistance of cancer cells. This new understanding has facilitated the rational design of molecularly targeted proapoptotic anticancer therapies. One particularly intriguing approach is directed toward the extrinsic apoptosis pathway using PARAs (a therapeutic class including rhApo2L/TRAIL and several agonistic mAbs). Indeed, PARAs are among the most advanced of the proapoptotic approaches in development, and it is anticipated that some of these agents may become clinically available during the next decade. The PARAs' mechanism of action underpins their potential: they stimulate apoptosis via the extrinsic pathway, which is independent of p53 and distinct from the indirect targeting of the intrinsic pathway by conventional therapy. Therefore, PARAs may promote apoptosis in susceptible cancer cells with a wide spectrum of responsiveness to current therapy. Indeed, rhApo2L/TRAIL has demonstrated a synergistic effect in combination with several conventional and targeted therapies in numerous tumor types in multiple preclinical models and has been shown to be capable of overcoming chemoresistance. Of particular interest is the observation that PARAs selectively induce apoptosis in tumor cells but not normal cells. This relative selectivity has been illustrated consistently in the preclinical setting and appears to be verified by the early clinical data, pointing to the potential for a relatively safe and well-tolerated class of anticancer agents. This important milestone sets a strong foundation for evaluating PARAs in combination with various other therapeutic strategies, ranging from conventional chemotherapies, through approaches designed to inhibit tumor growth signaling and angiogenesis, to agents that target other aspects of the apoptosis pathways.
